A coupled pair of 500 μm length microcantilevers was excited using the ultrasound radiation force. The excitation was produced using the difference frequency between the two sidebands of a doublesideband suppressed carrier AM (DSB-SC-AM) waveform centered on 500 kHz that was emitted by a focused ultrasound transducer. A laser Doppler vibrometer measured the frequency response and deflection shapes of the cantilever pair. The measured frequencies of the symmetric and antisymmetric eigenstates of the first transverse mode at 10 kHz excited using the ultrasound radiation force were consistent with frequencies measured using a scanning-probe microscopy system. The ultrasound radiation force was also used to excite the symmetric and antisymmetric eigenstates of the 60 kHz second transverse and 86 kHz first torsional modes. These results demonstrate the capability of using the ultrasound radiation force for excitation of structures in air that are significantly smaller, and with higher resonance frequencies, than in any previous study.
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INTRODUCTION
Detection systems based on microcantilever sensors have recently emerged as a potential technology for the swift and precise recognition of chemical [1, 2] or biological agents [3] . In most cases, this is accomplished by coating the cantilevers with substances which bind to the target molecules, effecting a change in cantilever mass and therefore the resonance frequency. For these applications, the cantilevers are often driven with base excitation, where, for example, a piezoelectric or similar material causes vibrations of the base of the structure. There are a limited number of non-contact methods that can be used for excitation, one of which is a time-varying electrostatic force can be used. While the optical radiation force is not sufficient for the microcantilever pair used in the current experiment, microcantilevers an order of magnitude smaller have been excited using a modulated laser [4] .
The results described below demonstrate that it is possible to use ultrasound radiation force to excite the vibrational modes of a microcantilever array. With this technique, there is no contact between the cantilever and ultrasound source, so there is no mass loading. Another advantage of ultrasound excitation is that it is relatively insensitive to resonance frequencies of the fixture used to hold the sample. [5] The device used in this experiment is a coupled pair of microcantilevers. [6] In previous studies, it was shown that Anderson (vibration) localization [7] could be used as a sensitive technique to detect masses on the order of 150 pg added to one of the cantilevers; this was accomplished by measuring the amplitude change of the coupled cantilevers when mass was added instead of measuring their shift in resonance frequency. The cantilever array used had two eigenstates for each vibrational mode; a symmetric state where the two cantilevers oscillated in phase, and an asymmetric state, with a slightly higher frequency, where the two cantilevers vibrated out of phase. In the experiment described below, ultrasound radiation force was used to excite the lowest three pairs of vibrational modes of this coupled system.
THEORY
Previous papers have described in detail the mechanism for ultrasound stimulated excitation, both in air [5] and in water. [8] If an object is ensonified with a pair of ultrasound frequencies, f 1 and f 2 , interference between the two frequencies produces a radiation force that results in a vibration of the object at the difference frequency Δf=f 2 -f 1 . In the measurements described below, both frequency components were emitted from a single transducer using a double-sideband suppressed-carrier amplitude modulated (DSB-SC-AM) waveform. [9] The two different ultrasound frequencies f 1 =f c -Δf/2 and f 2 =f c +Δf/2 were symmetrical about a central frequency f c . In the course of the experiment, the difference frequency Δf was swept through a range of frequencies, and the response was measured at each frequency. If the radiation force at frequency Δf corresponds to one of the resonance frequencies of the cantilever array, it will induce a larger amplitude vibration that will be detected using the laser Doppler vibrometer as shown in Figure 1 .
The radiation force [10] is caused by changes in the energy density of an acoustic field. The ultrasound emitted by the transducer is a superposition of two waves of frequencies f 1 and f 2 with equal amplitudes P(r). As the waves traverse the distance between the transducer and the arrival point r, they arrive with phases φ 1 (r) and φ 2 (r), thus the pressure field p(r,t) due to the superimposed frequency components may be written as
This causes an instantaneous energy density given by e(r,t)=p(r,t) 2 /ρc 2 ; this energy density will have a timeindependent component, a component at the difference frequency Δf, and high-frequency components at multiples of f 1 and f 2 . The radiation force of interest for the current technique is the energy density component at the difference frequency, which can be written as
Assuming that P(r) is a plane wave, this will impart a force in the beam direction on an object of area dS with drag coefficient d r (r) given by [5] The total radiation force as a function of time is the integral of Equation 3 over the entire surface of the object; this radiation force can induce a vibration of the object at a frequency Δf. Vibration due to this radiation force is a function of the size, shape and mechanical impedance of the object. Previous studies have shown that this radiation force can be used for modal analysis of a variety of systems [11] including pipe organ reeds, [5] hard-drive suspensions, [12] MEMS mirrors and gyroscopes. [13] EXPERIMENTAL SETUP The coupled microcantilever array (Fig. 2 ) used in this experiment consisted of two nearly identical gold cantilevers each nominally measuring 500 μm in length, 100 μm in width and 10 μm thick, protruding from an overhang with a width of 90 μm. The cantilevers were separated by 250 μm. [6] Because of the overhang, there is a coupling between the cantilevers, and thus they can be modeled as a pair of coupled oscillators. Because of this coupling, each of the vibrational modes of a simple cantilever will be split into symmetric and antisymmetric eigenstates. If the masses of the two cantilevers are identical, the amplitude of these eigenstates would be the same. However, if there is a difference in mass, it breaks the symmetry between the two eigenstates, leading to a difference in amplitude. [14] The measurements of cantilever vibration were taken using a Polytec OFV-3000 laser Doppler vibrometer with the OFV-502 head mounted on a 2-dimensional translation stage system. By using the series of mirrors and lenses shown in Figure 1 , this vibrometer was adapted so that the measurement point could be focused to a spot roughly 10 μm across that could be directed to any portion of the cantilever array. For the purpose of optimizing measurement amplitudes, the measurements were usually taken near the free ends of the cantilevers. To determine operational deflection shapes, measurements of amplitude and phase of the deflection at many points on the surface were imported into Vibrant Technology ME'Scope VES software.
A single Ultran NCG500-D25-P76 transducer was used. This transducer has a central frequency of 500 kHz, and a bandwidth of over 200 kHz; this transducer was used to excite resonances of the cantilever array up to 90 kHz. The focus diameter of this transducer was roughly 3mm, so the entire 0.5 mm cantilever array was roughly uniformly ensonified. The DSB-SC-AM signal used for excitation was produced by first generating a swept sinusoidal waveform, with frequencies on the order of 4.5-45 kHz using a National Instruments NI-USB-6251 Data Acquisition unit; this unit had an analog output sampling rate of 1 MSamples/sec. This waveform was directed to the AM modulation input of a Hewlett Packard 33120A function generator which has a 20 MHz bandwidth. The output was a DSB-SC-AM waveform with a central frequency of 500 kHz and sidebands separated by Δf of 9 kHz to 90 kHz that was essentially free from all sampling artifacts. The waveforms were amplified using an ENI-2100 RF amplifier. Effects due to reflection from room walls or other surfaces that would lead to ultrasound interference were minimal because of the short focal length of the transducer used.. Figure 3 shows the frequency response measured when the ultrasound modulation of the 500 kHz signal was swept from Δf=9.9 kHz to 10.3 kHz during a 0.4 second chirp (with an averaging of 25 chirps). The square symbols show the velocity spectrum when the vibrometer measured the motion of a single point towards the end of one of the cantilevers; these are listed in arbitrary units because the vibrometer system has not been calibrated using the auxiliary lens and microscope objective system shown in Figure 1 . This plot shows two resonance frequencies of the cantilever pair. By measuring the deflection shapes, it was verified that the lower frequency at 10.00 kHz corresponded to the symmetric state, and the upper frequency at 10.17 kHz corresponded to the antisymmetric state of the two cantilevers. Animation of these measured deflection shapes can be found online. [15] With the ultrasound signal turned off, the ambient excitation of the 10 kHz peak was less than an order of magnitude smaller than the observed peak.
RESULTS
The results obtained for this pair of resonances of the cantilever array using ultrasound excitation are very similar to measurements made using a Nanotec Electronica scanningprobe microscopy system utilizing conventional base excitation. The data set from the scanning-probe microscope system was scaled to the same peak amplitude as the response from the ultrasound excitation, and is shown as diamonds on Figure 3 . Both the resonance frequency and Q value of the symmetric state were nearly identical for both techniques. For the antisymmetric state, the two techniques had a shift of about 20 Hz in the peak of the frequency response, and the relative amplitudes were different using the two techniques. These differences are not surprising, considering that completely different excitation methods were used, and since this state is very sensitive to minor variations in the excitation, measurement or masses of the cantilevers. Changes of this order of magnitude could be obtained by moving the measurement point used for the vibrometer during ultrasound excitation.
A finite element model (using Comsol Multiphysics) of the microcantilever system was developed by starting with the nominal dimensions of the cantilever and overhang. The dimensions of the overhang was modified from its nominal 90 μm width to 128 μm, and the thickness was increased from a nominal 10 μm to 11 μm until the simulated frequency response reproduced the frequency response of Figure 3 . The model was then used to predict the frequencies at which the second transverse and first torsional modes would occur, along with the splitting of the symmetric and antisymmetric states for both of these modes. The ultrasound excitation frequencies were swept near these predicted frequencies; the experimentally measured frequencies were within a few percent of the frequencies predicted by the finite element model. The simulation also demonstrated differences in the amplitude of the symmetric and antisymmetric states of each mode that are consistent with the measurements shown in Figure 3 -5. Figure 4 shows the measured symmetric and antisymmetric second transverse states. To produce this graph, the DSB-SC-AM signal was chirped from Δf=58-62 kHz. The frequencies were identified as the symmetric (59.2 kHz) and antisymmetric (60.2 kHz) states by measuring the deflection shapes; [15] these deflection shapes and frequencies agree with the predictions of the simulation of about 59 kHz and 60 kHz. Figure 5 shows the first torsional modes of the array. Instead of using a chirped waveform, the transducer was excited with a DSB-SC-AM waveform with a constant difference frequency, and the vibrometer signal was sent to a Stanford Research Systems SR830 lock-in amplifier. The excitation frequencies were stepped from Δf=84-91 kHz, and the amplitude and phase were measured at each frequency. To measure the symmetry characteristics of the two frequencies, the phase was measured at different locations on the two cantilevers at their resonance frequencies of 86.0 kHz and 88.4 kHz. The 86.0 kHz resonance exhibits a symmetry about the midpoint of the two cantilevers, whereas the 88.4 kHz resonance has the left and right sides of the cantilevers twisting in phase. These frequencies are consistent with the predictions of the simulation of about 89 kHz and 92 kHz respectively.
CONCLUSIONS
Taken as a group, Figures 3-5 demonstrate that it is feasible to use the ultrasound radiation force to excite resonances in a microcantilever system with dimensions on the order of 100's of microns. These microcantilevers are significantly smaller than any structure that has previously been excited using the ultrasound radiation force in air, a 750 μm square MEMS gyroscope. [13] Since the feasibility of exciting these microcantilevers has been demonstrated, future studies will focus on whether it is possible to perform selective excitation of different symmetric or antisymmetric using a pair of ultrasound transducers, [13] a technique that cannot be accomplished using conventional base excitation. Future tests will also study whether this ultrasound excitation technique will allow greater sensitivity of mass differences than can be accomplished using conventional base excitation. 
